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ABSTRACT: Model donor–acceptor assemblies at metal-organic interfaces, namely, fluorinated copper-phthalocyanines (F16CuPC) and 
pentacene (PEN) assemblies on the Au(111) surface, have been the focus of the present study. A full picture of the crystallographic and 
electronic structure of PEN and F16CuPC monolayers, as well as of their 1:1 binary mixture on the Au(111) surface has been explored by 
means of a variety of surface sensitive techniques, providing important information on the intermolecular and molecule-substrate interac-
tions governing the self-assembly process. A long-range ordered donor-acceptor network is observed for the mixture, as a result of the 
greatly enhanced intermolecular interaction via C-F···H-C hydrogen bonds. Interestingly, the new supramolecular structure involves 
changes in the electronic structure of the molecular components. In particular, the strongest changes are observed at the C and F atoms of 
the F16CuPc, as opposed to the F16CuPc N, Cu, or PEN C atoms. With the aid of theoretical calculations, such effects are found to be at 
least partly related to an upward shift in energy of the F16CuPc molecular orbitals, concomitant with a molecule-to-metal charge donation, 
not from the HOMO, but deeper lying orbitals. 
INTRODUCTION 
Organic electronics has become an enormously promising 
field of technology due to the prospect of size reduction of-
fered by molecular-level control of the relevant material 
properties. However, many challenges have still to be over-
come before this technology becomes mature and commer-
cially competitive, requiring first a thorough understanding 
of the basic science involved in the operation of organic 
electronic devices and the physics of organic semiconduc-
tors. 1-3 Of particular interest and relevance for the perform-
ance of organic electronics, we find the various interfaces 
present in the devices, where such crucial processes as e.g. 
charge injection or exciton separation take place. Pursuing a 
better understanding of such interfaces, many studies are 
being devoted to the investigation of model systems like 
donor-acceptor assemblies on various substrates. 4-13 Combi-
nation of different molecules on a surface provides a perfect 
platform to study interfacial phenomena, as both organic-
organic (e.g. donor-acceptor) interfaces between the neigh-
boring molecules and organic-inorganic (in case of inorganic 
substrates) interfaces are simultaneously present in a 2D 
system easily accessible by a large variety of experimental 
techniques, while keeping its complexity low enough to be 
accessible and therefore profit from first principle calcula-
tions. Besides, an appropriate choice of substrate, molecules 
and their functionalities, allows control over the relevant 
molecule-substrate and intermolecular interactions. 14-17  
Fluorinated copper-phthalocyanines (F16CuPC, acceptor) and 
pentacene (PEN, donor) molecules are well known, exten-
sively studied and widely used materials, due to their suc-
cessful integration and high performance in organic elec-
tronic devices. 18 Hence, many studies have been performed 
on their combination at various interfaces and architectures. 
10-12,19
 Here, we present a comprehensive study on F16CuPc 
and PEN mixed monolayers on Au(111). By means of com-
parison with the corresponding single component layers, the 
dependence on the supramolecular environment of the elec-
tronic structure of F16CuPc and PEN is investigated. A vari-
ety of highly surface sensitive techniques such as scanning 
tunneling microscopy (STM), x-ray photoemission spectros-
copy (XPS), and ultraviolet valence band photoemission 
(UPS), in combination with density functional theory (DFT) 
calculations, have been used.  
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RESULTS AND DISCUSSION 
The monolayer structures of single component and binary 
layers as obtained from STM measurements are summarized 
in Figure 1. 12 All of the layers form highly crystalline films 
with epitaxial relations to the substrate, evidenced by the 
discrete number of rotational domains. The arrangement of 
F16CuPc on Au(111) is characterized by a unique oblique 
unit cell of parameters listed in Table 1 and has been de-
scribed in detail in previous work. 20 In turn, pentacene has 
been shown to present polymorphism at the Au(111) inter-
face, and the structure observed in Figure 1 with its associ-
ated unit cell (see Table 1 for parameters) corresponds to 
only one of the possible arrangements. 21 
The optimized molecular arrangement of the different layers 
has been further modeled with DFT calculations, resulting in 
an excellent agreement with the experimental data. This is 
evidenced by comparison of the simulated STM images re-
sulting from the calculated overlayers on Au(111) (shown as 
insets in Figure 1) and the experimental ones. Calculated and 
experimental parameters are included in Table 1. Additional 
important information obtained from the calculations is the 
respective molecule-substrate interaction strength, which 
plays a key role in the electronic properties of metal-organic 
interfaces. Our results predict adsorption energy per mole-
cule in the respective layers of 1.955 eV for F16CuPc and 
1.41 eV for PEN. Calculations were performed with the local 
density approximation (LDA), as well as with van der Waals 
functionals (vdW). The latter includes long-range vdW inter-
actions, which have been shown to dominate the PEN-
Au(111) interactions. 22 The adsorption energy values given 
above are obtained from vdW calculations, but showed only 
minor variations (<10%) with LDA.       
Co-deposition of these two molecules in a 1:1 ratio leads to a 
highly crystalline mixed layer as shown in Figure 1. The unit 
cell, with parameters outlined in Table 1, with vectors 
aligned along the high symmetry Au(111) surface directions 
and comprising four molecules, is described in detail in an 
earlier work. 12 In this mixed layer, each molecule is sur-
rounded by the opposite species (Figure 1). Such an ar-
rangement is adopted so as to maximize the C-F···H-C inter-
actions between F16CuPc and PEN. The resulting layer is 
thus characterized by an enhanced stability that makes it 
indeed easier to image by STM than the single component 
films. This is confirmed with the calculations, which con-
clude an enhanced stabilization energy of the mixed layer by 
0.77 eV per F16CuPc-PEN pair. The number of F···H atom 
pairs at distances under 3.1 Å is 10, giving an average C-
F···H-C bond strength of 77 meV.  
Of special interest is how the new supramolecular environ-
ment in a donor-acceptor network affects the electronic 
structure of the individual molecules, and thereby its poten-
tial functionality. In this frame, XPS spectra of the various 
atomic species measured on the different molecular layers 
provides important information. Such measurements are 
depicted in Figure 2. 23-25 Comparison of the spectra of single 
component and binary layers evidences several differences, 
illustrated by lines connecting the peak positions in the dif-
ferent spectra.   
Figure 1: STM images for F16CuPc and PEN monolayers and 
their 1:1 mixture on the Au(111) surface; (a-c) the respective 
large scale images, (d-f) the respective small scale images while 
the insets represents the DFT calculations. 
Table 1: The unit cell parameters obtained by STM (high 
bold values) and by DFT calculations (low values). 
 a (Å) b (Å) γ (o) 
F16CuPc 
15.1±0.8 
15.3 
14.5±0.8 
14.4 
75±3 
79.1 
PEN 6±1 6.7 
15±1 
15.3 
75±3 
79.1 
Binary layer 
(1:1) 
22.5±2 
23.1 
28.5±2 
30.0 
90±3 
90 
 
 
In the case of PEN the analysis is complicated by the shifts 
present even in single component PEN layers as a function 
of coverage. We observe these to be of up to 0.1 eV towards 
higher binding energy as we pass from 0.2 ML to 1 ML (see 
Figure 2b). Polymorphism is very pronounced for pentacene 
on Au(111), with 9 different structures reported, some of 
them as a function of layer coverage. 21 Such variation 
changes the screening from neighboring molecules, 26 as well 
as the relative position of PEN atoms with respect to the 
underlying gold, which might in turn modify hybridization 
or also molecule-substrate distances and thereby screening 
from the substrate. In addition, the local work function can 
vary as a function of coverage and thereby change the bind-
ing energy of electronic levels, in a similar way to that ob-
served for CuPc on Au(111). 27 All the above can explain the 
coverage dependence in PEN XPS spectra, but makes a 
comparison with the mixed layer spectrum more difficult, 
which happens to coincide with the 0.5 ML spectrum.    
Moving our attention now to F16CuPc, stronger differences 
are observed. In particular we observe shifts of ~0.1 eV to-
ward higher binding energies of the C-C (C2), C-N (C1) and 
N1s components, while larger shifts of ~0.2 eV are observed 
for the C-F (C3,C4) and F1s components associated with the 
outer molecular atoms, Figure 2c. Asymmetries between 
F16CuPc and PEN in the magnitude of the core-level shift 
may reflect a more significant charge transfer from F16CuPc 
to the substrate, as discussed below. 
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Figure 2: (a) Chemical structure of PEN and F16CuPc molecules. (b) The PEN C1s shift as a function of coverage. As a guide to the eye, 
vertical lines mark the initial and final position of one of the peaks. (c) C1s, N1s and F1s core-level photoemission spectra for the single 
component molecular layers as well as for their binary mixture on Au(111).  All peaks were fitted with their corresponding shake-up satel-
lites, if observed, caused by a kinetic energy loss of the photoelectrons upon simultaneous excitation of π−π*, HOMO - LUMO transitions.  
 
Next we analyze the changes in the valence and conduction 
bands of our system. Figure 3a depicts the projected density 
of states for the highest occupied molecular level (HOMO), 
HOMO-2 and the lowest unoccupied molecular level 
(LUMO). While no changes are observed for the PEN, all 
F16CuPc molecular orbitals move up in energy by ~0.07 eV 
in the binary layers. As a consequence, the charge transfer 
from F16CuPc to Au(111) is increased from 0.32 to 0.44 
electrons per molecule, while the charge transfer between 
PEN and Au(111) is negligibly small regardless of the layer 
structure.  
Interestingly, the increased charge transfer does not stem 
from the F16CuPc HOMO, as would initially be expected. In 
that case, the HOMO being located mainly in the central part 
of the molecule, the Cu and N core levels (and their corre-
sponding XPS spectra) would be affected strongest, as was 
indeed observed in the very similar system combining 
F16CuPc and diindenoperylene (DIP) on Au(111). 28 Instead, 
the charge transfer stems mainly from deeper lying molecu-
lar orbitals, in particular, from the quasi-degenerate HOMO-
2, HOMO-3 and HOMO-4 that are about 1 eV lower in en-
ergy (Figure 3a) and show a significant density on the outer 
parts of the molecule. This is due to the fact that while the 
HOMO moves up in energy, it simultaneously narrows (as a 
result of a decreased hybridization). Both effects counteract 
and finally lead to a virtually unchanged charge flow involv-
ing the HOMO. Instead, the deeper lying HOMO-2 to 
HOMO-4 do both move up in energy and broaden, by which 
their high energy tails cross the Fermi energy and lead to the 
charge transfer. Charge transfer from deeper lying orbitals  
was previously found also for F4-TCNQ on Cu(111), 29 and 
stresses the importance of taking into account molecular 
orbitals beyond the HOMO and LUMO, which capture most 
of researchers’ attention, to understand the physical-
chemical processes taking place at metal-organic interfaces.  
Further proof of this scenario is obtained from UPS meas-
urements presented in Figure 3b with valence band spectra 
of F16CuPC and binary layers. While the lower lying 
HOMO-2 is not observed, shaded by the strong onset of the 
Au 5d bands, we do measure the HOMO level. Not only is 
the position in relatively good agreement with the theoretical 
calculations, 30-33 but we observe a similar upward shift in 
energy as well as a narrowing for the mixed layer. 34  
The spatial distribution of the charge transfer is best visual-
ized mapping the electron density changes on the molecules, 
as shown in Figure 4. Such a picture reflects the negligible 
charge transfer on PEN, the largest contribution to charge 
transfer on F16CuPc arising from the inner molecular region 
(where the HOMO is located), and most importantly, the 
main charge transfer differences upon growth of mixed lay-
ers on the outer regions of the molecule, in perfect agree-
ment with the XPS findings.  
CONCLUSIONS 
The experimentally observed and theoretically calculated 
results provide a coherent and comprehensive picture of the 
crystalline and electronic structures of single component 
PEN and F16CuPc layers as well as of their binary donor-
acceptor mixture on Au(111). The results show small but  
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Figure 3: (a) The projected density of states on the HOMO and 
LUMO of F16CuPc and PEN for the single component and bi-
nary layers. Notice that the F16CuPc PDOS is scaled by a factor 
3 with respect to the PEN one. (b) The HOMO level of the sin-
gle component F16CuPc and binary layers on Au(111) surface as 
observed by the ARPES measurements. Below are the curves as 
recorded, and above, are the curves upon substrate normaliza-
tion and fitting. 
unambiguous changes in the electronic properties of the 
molecules depending on their supramolecular environment. 
These electronic changes affect mainly the F16CuPc. When 
immersed in the binary mixture with greatly enhanced inter-
molecular interactions via C-F···H-C bonds, its molecular 
orbitals move up in energy, leading to an increased charge 
transfer from molecules to substrate. Interestingly, the latter 
does not stem from the molecular HOMO, but from deeper 
lying orbitals. These results stress the importance of the mo-
lecular orbitals beyond the frontier levels HOMO and  
PEN F16CuPc
Si
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Figure 4:  Difference in the electronic densities with respect to 
the isolated molecules for F16CuPc and PEN in the single-
component and binary layers. For comparison purposes, the 
difference in the electronic densities between the single and 
mixed layers is also represented in the bottom panel. The repre-
sented isosurfaces in red (blue) contain the points where the 
electronic density lessens (increases). In the case of PEN the 
changes are magnified by 4 times with respect to the F16CuPc in 
order to be visible. 
   
LUMO, which commonly capture most attention. We hereby 
provide important new input on the still poorly understood 
interplay between molecule-molecule and molecule-substrate 
interactions, which might eventually allow to control and 
even design a priori functional donor-acceptor mixtures with 
optimized properties.   
 
METHODS 
The Au(111) surface was prepared by standard sputtering 
(E~600-1000 eV) at a pressure of ~1×10-5 mbar of Ar+ for 
20-30 min followed by annealing cycles (T~400 ºC) for 15-
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20 min. The molecular layers were prepared by the 
deposition from a resistively heated Knudsen-cell onto the 
clean Au substrate held at room temperature. All 
measurements were performed at room temperature under 
ultra-high-vacuum (UHV) conditions. The STM experiments 
have been carried out in a commercial JEOL system, in 
constant current mode and with chemically etched tungsten 
tips. Data analysis was performed with the freeware 
WSxM.35 The XPS spectra have been measured at the 
ALOISA beamline of the ELETTRA synchrotron in Trieste, 
Italy. Careful thickness calibration was performed to avoid 
multilayer deposition in both pure and mixed films, as this 
would lead to core-level shifts associated to the different 
molecular environment and modified core-hole screening 
from the substrate. This was corroborated by use of a 
calibrated quartz crystal microbalance, as well as by detailed 
analysis of the relative core-level peak intensities. The N 1s 
and C 1s spectra have been taken at a photon energy of 520 
eV with an overall energy resolution of 160 meV, whereas 
the F 1s peak has been measured at 820 eV with a resolution 
of 340 meV. In both cases the binding energy scale has been 
calibrated to that of the Au 4f bulk peak at 84 eV.36 Potential 
beam damage on the films was discarded by checking the 
reproducibility of spectra after irradiation times well above 
those of typical measurements. UPS experiments were 
carried out at the Apple PGM beam line of the Synchrotron 
Radiation Center (SRC) in Stoughton (Wisconsin). We used 
a hemispherical Scienta SES200 spectrometer with energy 
resolution set to 25 meV and p-polarized light. Spectra in 
Figure 3b correspond to the integrated intensity recorded at 
the channelplate (7 deg. acceptance).  
Density functional theory (DFT) calculations have been 
performed using the real-space projector augmented 
wavefunction GPAW code, 37,38 within both the local density 
approximation (LDA) 39 and a self-consistent van der Waals 
approximation 40,41 for the exchange-correlation functional, 
with a grid spacing of 0.2 Å. An electronic temperature of 
kBT ≈ 0.1 eV was employed to obtain the occupation of the 
Kohn-Sham orbitals, with all energies extrapolated to T = 0 
K. Monolayers of PEN, F16CuPc and the 1:1 mixture 
(F16CuPc+PEN) have been structurally optimized until a 
maximum force below 0.05 eV/Å was obtained in vacuum 
and adsorbed on the Au(111) surface, while keeping the 
coordinates of the metal slab fixed. The lattice parameters, 
shown in Table 1, are those commensurate with the 
experimental bulk lattice parameter of Au, a ≈ 4.08 Å, which 
are nearest the periodicity of the monolayer on the surface as 
observed by STM. 
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STM images for F16CuPc and PEN monolayers and their 1:1 mixture on the Au(111) surface; (a-c) 
the respective large scale images, (d-f) the respective small scale images while the insets 
represents the DFT calculations.  
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(a) Chemical structure of PEN and F16CuPc molecules. (b) The PEN C1s shift as a function of 
coverage. As a guide to the eye, vertical lines mark the initial and final position of one of the peaks. 
(c) C1s, N1s and F1s core-level photoemission spectra for the single component molecular layers as 
well as for their binary mixture on Au(111).  All peaks were fitted with their corresponding shake-up 
satellites, if observed, caused by a kinetic energy loss of the photoelectrons upon simultaneous 
excitation of HOMO - LUMO transitions.  
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(a) The projected density of states on the HOMO and LUMO of F16CuPc and PEN for the single 
component and binary layers. Notice that the F16CuPc PDOS is scaled by a factor 3 with respect to 
the PEN one. (b) The HOMO level of the single component F16CuPc and binary layers on Au(111) 
surface as observed by the ARPES measurements. Below are the curves as recorded, and above, 
are the curves upon substrate normalization and fitting.  
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Difference in the electronic densities with respect to the isolated molecules for F16CuPc and PEN in 
the single-component and binary layers. For comparison purposes, the difference in the electronic 
densities between the single and mixed layers is also represented in the bottom panel. The 
represented isosurfaces in red (blue) contain the points where the electronic density lessens 
(increases). In the case of PEN the changes are magnified by 4 times with respect to the F16CuPc in 
order to be visible.  
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